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Functional Differentiation of Multiple Climbing
Fiber Inputs during Synapse Elimination
in the Developing Cerebellum
to compare the electrophysiological properties of the
competing inputs in detail. In contrast, attempts to ex-
plore physiological properties of competing synapses
in the central nervous system (CNS) have been ham-
pered by the heterogeneity of the inputs and the com-
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Kanazawa 920-8640 plexity of the synaptic organization.
The climbing fiber (CF) to Purkinje cell (PC) synapseJapan
in the cerebellum provides a good model to study the
cellular and molecular mechanisms for synapse elimina-
tion in the developing CNS. In early postnatal days, PCsSummary
are innervated by multiple CFs that originate in the infe-
rior olive. Massive elimination of supernumerary CFsWe studied how physiological properties of cerebellar
climbing fiber (CF) to Purkinje cell (PC) synapses proceeds, and most PCs become monoinnervated by
single CFs by the end of the third postnatal week inchange during developmental transition from multiple
to mono CF innervation onto each PC. From P3 to P6, mice (Crepel, 1982; Kano et al., 1995, 1997, 1998; Of-
fermanns et al., 1997). In the adult cerebellum, single CFsdifferences in the strengths of multiple CFs became
larger. Around P10, each PC was either monoinner- form hundreds of synaptic contacts onto PC’s proximal
dendrites and cause extremely strong excitation (Ito,vated by one strong CF (CF-mono) or multiply inner-
vated by one strong CF (CF-multi-S) plus a few weaker 1984; Palay and Chan-Palay, 1974; Strata and Rossi,
1998; Sugihara et al., 1999). Although PCs receive theCFs (CF-multi-W). We show that simultaneous release
of multiple vesicles per site occurs normally from CF- other type of excitatory inputs from numerous parallel
fibers (PFs), responses elicited by CFs and those by PFsmulti-S, CF-mono, and mature CFs, but less frequently
from CF-multi-W and neonatal CFs. We also present can be easily distinguished electrophysiologically (Kano
et al., 1995; Konnerth et al., 1990). Moreover, multipleevidence suggesting that weaker CFs with lower prob-
ability of multivesicular release would be withdrawn CFs innervating a given PC can be readily distinguished
from one another, which allows us to compare electro-preferentially. The results suggest that differentiation
into strong and weak CFs with high and low probabili- physiological properties of multiple CFs onto a given
PC during the process of synapse elimination.ties of multivesicular release precedes developmental
CF synapse elimination. Here we report that functional differentiation of multi-
ple CFs innervating a given PC precedes the completion
of CF synapse elimination. Around postnatal day 3 (P3),Introduction
PCs were innervated by multiple CFs with similar
strengths. Then, the difference in their strengths becameProper function of the nervous system requires precise
formation of neuronal circuitry during development. progressively larger. Around P10, each PC was either
monoinnervated by one strong CF (CF-mono) or multiplyEarly formed synapses are immature in function and
redundant in their connectivity. In subsequent develop- innervated by one strong CF (CF-multi-S) plus a few
weaker CFs (CF-multi-W). We estimated the glutamatemental stages, synaptic connections necessary for
proper functions are strengthened, whereas redundant concentration transient at these three types of CF syn-
apses by measuring the inhibition of EPSCs producedconnections are weakened and eliminated eventually.
Previous studies suggest that neural activity is essential by a low-affinity competitive antagonist of AMPA recep-
tors, ()-cis-2,3-piperidine-dicarboxylic acid (PDA). Ourfor certain forms of such refinement processes (Chan-
geux and Danchin, 1976; Katz and Shatz, 1996; Lohof results indicate that simultaneous release of multiple
vesicles per site occurs normally from CF-multi-S, CF-et al., 1996; Nguyen and Lichtman, 1996; Purves and
Lichtman, 1980) and that physiological differences among mono, and mature CFs, but less frequently from CF-
competing synaptic inputs emerge before permanent multi-W and rarely from neonatal CFs. Imaging calcium
morphological changes (Bailey and Kandel, 1993; transients during CF-induced complex spikes indicate
Greenough and Bailey, 1988; Katz and Shatz, 1996; that CF-mono and CF-multi-S innervate widely over the
Zhang and Poo, 2001). In the developing neuromuscular PC dendritic tree, whereas CF-multi-W form synapses
junction of the rodent, predominant axons gain strength only on the most proximal parts of dendrites. These
by increasing quantal content, whereas degrading ax- results suggest that CF-multi-S is similar to CF-mono
ons progressively become weaker due to reduction in and has properties of mature CF. Furthermore, we pres-
quantal content and quantal efficacy (Colman et al., ent evidence suggesting that weaker CFs with low prob-
1997) or due to low release probability (Kopp et al., ability of multivesicular release would be withdrawn dur-
2000). One important advantage of this system is that ing development. These results suggest that CFs with
axons competing for postsynaptic sites are visually dis- mature characteristics emerge during development and
tinguishable from one another, which makes it possible would survive to establish monoinnervation in the adult
cerebellum, whereas relatively weaker CFs would be
eliminated eventually.*Correspondence: mkano@med.kanazawa-u.ac.jp
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Figure 1. Disparity among Multiple CF-EPSCs Increases with Postnatal Development
(A and B) CF-EPSCs recorded in a PC from a mouse at P3 (A) and at P12 (B). CFs were stimulated in the granule cell layer at 0.2 Hz. Two to
three traces are superimposed at each threshold stimulus intensity. Holding potential was 80 mV for (A) and 20 mV for (B). For this and
following figures, the holding potential is corrected for junction potential.
(C and D) Summary histograms showing the number of discrete steps of CF-EPSCs from mice at P2–P3 (C: 8 mice, 57 PCs) and at P12–P14
(D: 19 mice, 142 PCs).
(E and F) Developmental changes in the disparity index (E) and the disparity ratio (F). The number of PCs for each data point is 18–92. Data
for P9–P11 and those for P12–P14 are pooled and indicated with filled triangles. Data for P15 to P21 are pooled and indicated with filled
boxes.
Results and 1D). These results are consistent with the previous
reports that massive elimination of supernumerary CFs
occurs during the second and third postnatal weeksDisparity among Multiple CF-EPSCs Increases
with Postnatal Development (Crepel, 1982; Kano et al., 1995, 1997, 1998; Offermanns
et al., 1997). In addition to the marked decrease in theWe followed the developmental course of CF to PC
excitatory synaptic transmission. We conducted whole- degree of multiple CF innervation, we noticed an impor-
tant difference between the CF-EPSCs at P2–P3 andcell recording from visually identified PCs in mouse cere-
bellar slices and stimulated CFs in the granule cell layer. those at P12–P14. As exemplified in Figures 1A and 1B,
the sizes of individual steps of multiple CF-EPSCs wereWhen a CF was stimulated, a clearly discernible excit-
atory postsynaptic current (EPSC) was elicited in an all- almost similar at P3 (Figure 1A), whereas the size of one
CF-EPSC was much larger than the other at P12 (Figureor-none fashion. We routinely used pairs of stimuli to
distinguish CF-EPSCs from PF-mediated EPSCs. As re- 1B). Since the sizes of CF-EPSC steps reflect the
strengths of the CF inputs to a given PC, we followed theported previously, CF-EPSCs display depression, whereas
PF-mediated EPSCs show facilitation, to the paired change in the disparity of multiple CF-EPSC amplitudes
during postnatal development. We sampled more thanstimuli (Aiba et al., 1994; Konnerth et al., 1990). In multi-
ply innervated PCs, more than one discrete step of CF- 18 PCs at each postnatal day and calculated two param-
eters, the disparity index and the disparity ratio, for eachmediated EPSC (CF-EPSC) could be elicited when the
stimulus intensity was increased gradually or when the multiply innervated PC (see Experimental Procedures).
As shown in Figure 1E, the disparity index progressivelystimulating electrode was moved systematically. The
number of CFs innervating a given PC was estimated increased from P3 to P6, reached the peak at P7, and
remained at the same level during the rest of the devel-by counting the number of discrete CF-EPSC steps elic-
ited in that cell (Ichise et al., 2000; Kano et al., 1995, opmental period. The disparity ratio (Figure 1F) exhibited
a change that was almost a mirror image of that for the1997, 1998; Offermanns et al., 1997).
At P3, we found that all PCs had multiple CF-EPSC disparity index. Figure 1F indicates that one CF input
became stronger among multiple CFs innervating indi-steps. The PC exemplified in Figure 1A had five discrete
CF-EPSC steps, indicating that this PC was innervated vidual PCs, and the average amplitude of smaller CF-
EPSCs was about 20%–30% of the largest CF-EPSC.by at least five CFs. The summary graph indicates that
all PCs were innervated by more than three CFs at P2–P3 These results indicate the following scheme for the
development of CF innervation. All PCs are initially inner-(Figure 1C). At P12 to P14, about 60% of PCs were
already monoinnervated by single CFs, whereas the rest vated by several (mostly more than four) CFs with similar
strengths around P3. From P3 to P6, the disparity in-of PCs were still innervated by multiple CFs (Figures 1B
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creases in the strengths of multiple CFs. At P7 and extracellular Ca2. They also show that decreasing re-
lease probability by lowering extracellular Ca2 to 0.5thereafter, multiply innervated PCs have one strong CF
input plus one or a few weaker CF inputs. To investigate mM results in single vesicular release from each CF
terminal (Wadiche and Jahr, 2001). To elucidate thethe causes of this change, we examined physiological
properties of the strongest and weaker CF inputs from causes of smaller glutamate transients at synapses of
CF-multi-W, we measured the glutamate transients re-individual multiply innervated PCs as well as those of
CF inputs from monoinnervated PCs. In most of the sulting from a single synaptic vesicle. Following the re-
sults by Wadiche and Jahr (2001), we examined theexperiments, we used mice aged P10 to P14 when the
disparity index and the disparity ratio have reached a effects of PDA on the three types of CF-EPSCs in the
low external Ca2 (0.5 mM) saline.plateau level (Figures 1E and 1F).
Lowering extracellular Ca2 from 2.0 to 0.5 mM by
replacing with equimolar Mg2 significantly reduced theGlutamate Transients in the Synaptic Clefts
amplitudes of the three types of CF-EPSCs (Figures 3Afor Weak CFs Are Smaller than Those
and 3B). Application of PDA in 0.5 mM Ca2 causedfor Strong CFs
greater block than in 2.0 mM Ca2, especially for CF-Recent studies indicate that CF to PC synapse has very
mono and CF-multi-S (Figures 3A and 3B). The averagehigh release probability. It is shown that multivesicular
data shows that the blocking effects of PDA were therelease normally occurs at physiological range of exter-
same for the three types of CF-EPSCs at all PDA concen-nal Ca2 concentration, and postsynaptic receptors are
trations tested (Figure 3C). PDA also accelerated thewell saturated by released glutamate (Foster et al., 2002;
EPSC decay and prolonged the EPSC rise time in 0.5Harrison and Jahr, 2003; Wadiche and Jahr, 2001). We
mM Ca2 (Table 1). We verified that further reduction ofasked whether strongest and weaker CFs onto the same
release probability by lowering extracellular Ca2 fromPCs have similar characteristics. From individual PCs
0.5 mM to 0.25 mM (2.75 mM Mg2) caused no additionalinnervated by multiple CFs, we analyzed the properties
inhibition by 500M PDA of EPSCs elicited by CF-monoof EPSCs elicited by stimulating the strongest CFs
(39.2%  1.5% in 0.5 mM Ca2 and 39.3%  2.4% in(termed CF-multi-S) and those elicited by the rest of
0.25 mM Ca2, n  4). This result suggests that in lowCFs (termed CF-multi-W because they were inevitably
Ca2 external solution of 0.5 mM or 0.25 mM, the averageweaker than CF-multi-S). We also recorded CF-EPSCs
glutamate concentration transient at active synapsesfrom monoinnervated PCs (termed CF-mono).
was the same and had reached minimum, indicating thatWe began by comparing the sizes of transmitter tran-
multivesicular release did not occur in either condition.sients in the synaptic clefts by analyzing the nonequilib-
Taken together, these results indicate that glutamaterium inhibition of postsynaptic AMPA receptors by PDA
transients resulting from single synaptic vesicles are the(Clements, 1996). PDA is a rapidly unbinding competitive
same among the three types of CF-EPSCs. Therefore,antagonist of AMPA receptors and easily displaced by
difference in glutamate transients in normal externalreleased glutamate (Tong and Jahr, 1994). Therefore,
Ca2 is most likely because the probability of multivesic-the amount of inhibition of the EPSC depends on the
ular release is lower in CF-multi-W than in CF-mono oramplitude and time course of glutamate in the synaptic
CF-multi-S.cleft. Because PDA is an NMDA receptor agonist, we
applied PDA with an NMDA receptor antagonist, R-CPP
(10 M) (Hashimoto and Kano, 1998; Tong and Jahr, Paired-Pulse Plasticity of the Three Types
1994). We found that PDA antagonized EPSCs elicited of CF-EPSCs
by CF-mono and CF-multi-S with similar potencies at Multivesicular release depends critically on both release
all concentrations tested (Figures 2A and 2B). In con- probability and the number of release site. To investigate
trast, PDA antagonized EPSCs elicited by CF-multi-W whether there is any difference in release probability
more effectively than the other two types of CF-EPSCs among CF-mono, CF-multi-S, and CF-multi-W, we ex-
(Figures 2A and 2B). PDA accelerated the EPSC decay amined paired-pulse plasticity that is known to be a
and prolonged the EPSC rise time significantly for the good measure of release probability (Zucker and Re-
three types of CF inputs (Table 1). In contrast, a noncom- gehr, 2002). We stimulated CFs with pairs of pulses
petitive AMPA receptor antagonist, GYKI 52466, separated by 50 ms. The paired-pulse ratio (PPR) pro-
blocked the three types of CF-EPSCs to the same extent vided a measure of this plasticity. We first tested paired-
(Figures 2C and 2D). This result indicates that the differ- pulse plasticity at low extracellular Ca2 of 0.25 mM,
ential block by PDA was not the result of voltage escape. 0.5 mM, and 0.75 mM, in which CF-EPSCs were not
Furthermore, we verified that the decay of EPSC was saturated (Foster et al., 2002). Under these conditions,
significantly faster for CF-multi-W than for CF-multi-S PPR was similar for the three types of CF inputs (Figures
or CF-mono (Table 1, p  0.01, t test). These results 4A and 4C). This result indicates that there is no signifi-
strongly suggest that the size of glutamate transient in cant difference in release probability among three types
the synaptic cleft for CF-multi-W is smaller than that for of CF inputs.
CF-mono or CF-multi-S. We then recorded EPSCs in higher extracellular Ca2
of 1 mM, 1.4 mM, and 2 mM. The first EPSC became
larger and PPR decreased with increasing external Ca2Glutamate Transients Resulting from Single
Synaptic Vesicles Are Similar in the Three concentration (Figure 4C). At the extracellular Ca2
higher than 1 mM, PPR for CF-multi-W was significantlyTypes of CF-EPSCs
Wadiche and Jahr (2001) showed that multivesicular smaller than that for CF-mono and for CF-multi-S (Fig-
ures 4B and 4C). Previous studies show that postsynap-release occurs at CF to PC synapses in rat at normal
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Figure 2. Effects of a Low-Affinity Competitive AMPA Receptor Antagonist, PDA, on EPSCs by CF-Mono, CF-Multi-S, and CF-Multi-W
(A) Examples of EPSCs elicited by stimulating CF-mono, CF-multi-S, and CF-multi-W. CFs were stimulated at 0.1 Hz. Those recorded before
and during bath application of PDA (500 M) are superimposed. Each trace is an average of ten consecutive sweeps. Holding potential
was 20 mV for CF-mono and CF-multi-W and 10 mV for CF-multi-S. For this and the following figures, sample traces of EPSCs elicited
by CF-multi-S and CF-multi-W were always recorded from the same PCs.
(B) Summary graphs showing the sensitivity of EPSC to different concentrations of PDA for CF-mono (open circles), CF-multi-S (filled squares),
and CF-multi-W (filled circles). Responses for each CF are normalized to the control values before application of PDA. Each data point
represents the average from 5 to 11 CF-mono, 3 to 16 CF-multi-S, and 3 to 18 CF-multi-W. **p  0.01.
(C) Similar to (A), but for records taken from different PCs before and during bath application of a noncompetitive AMPA receptor antagonist,
GYKI 52466 (5 M). Each trace is an average of ten consecutive sweeps. Holding potential was 20 mV for CF-mono and CF-multi-S and 40
mV for CF-multi-W.
(D) Similar to (B) but for the inhibition by GYKI 52466. Each data point represents the average EPSC amplitude from 5 CF-mono and 2 to 5
CF-multi-S and CF-multi-W.
tic receptors are saturated when the CF release proba- CF-multi-W. Previous studies indicate that excitatory
synaptic transmission to PCs is exclusively mediatedbility is high at the extracellular Ca2 higher than 1 mM
(Foster et al., 2002). The postsynaptic receptor satura- by non-NMDA receptors (Kakizawa et al., 2000; Kano
et al., 1995). We examined whether this is also the casetion significantly affects the PPR (Foster et al., 2002;
Harrison and Jahr, 2003). Thus, the present result shown for the multiply innervating CFs. We recorded CF-EPSCs
in the Mg2 free external solution containing glycine (10in Figure 4 suggests that the extent of postsynaptic
receptor saturation at higher extracellular Ca2 is smaller M) to maximize NMDA receptor activity. We found that
EPSCs by CF-multi-S and those by CF-multi-W werefor CF-multi-W than for CF-multi-S or CF-mono. This is
consistent with the results shown in Figure 2 that the not affected by a selective NMDA receptor antagonist,
(RS)-3-(2-Carboxypiperazin-4-yl)-propyl-1-phosphonicsize of glutamate transient in the synaptic cleft for CF-
multi-W is smaller than that for CF-mono or CF-multi-S. acid (CPP, 10 M) (Figures 5A and 5B). In contrast,
both were completely blocked by a non-NMDA receptor
antagonist, 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzoNo Significant Difference in Postsynaptic
Receptor Properties [f]quinoxaline-7-sulfonamide (NBQX, 10M) (Figures 5A
and 5B). We then examined current-voltage (I-V) rela-Next, we investigated whether there is any difference in
postsynaptic functions for CF-mono, CF-multi-S, and tions of EPSCs elicited by stimulating CF-multi-S, CF-
Table 1. Changes in CF-EPSC Kinetics Caused by PDA
Ca2 2 mM Control PDA 500 M n
CF-mono 10%–90% rise time (ms) 0.43  0.09 0.47  0.09 11 **
Decay time constant (ms) 6.85  2.02 6.21  2.07 11 **
CF-multi-S 10%–90% rise time (ms) 0.45  0.07 0.48  0.08 11 **
Decay time constant (ms) 7.14  1.57 6.31  1.31 11 **
CF-multi-W 10%–90% rise time (ms) 0.41  0.07 0.47  0.09 13 **
Decay time constant (ms) 4.38  1.76 3.96  1.54 13 **
Ca2 0.5 mM Control PDA 500 M n
CF-mono 10%–90% rise time (ms) 0.44  0.02 0.47  0.02 6 **
Decay time constant (ms) 3.32  0.33 3.13  0.31 6 *
CF-multi-S 10%–90% rise time (ms) 0.43  0.06 0.46  0.08 7 *
Decay time constant (ms) 3.18  0.81 2.95  0.72 7 **
CF-multi-W 10%–90% rise time (ms) 0.47  0.08 0.56  0.11 4
Decay time constant (ms) 2.44  0.38 2.13  0.39 5 *
Data are expressed as mean  SD. **p  0.01; *p  0.05 (paired t-test).
CF-EPSC was better fit by the sum of two exponentials, rather than just one exponential. For simplicity here we represent the EPSC decay
by using the time constant of a single exponential (Takahashi et al., 1995).
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Figure 3. Effects of PDA in a Low-Release
Probability Condition on EPSCs Elicited by
CF-Mono, CF-Multi-S, and CF-Multi-W
(A and B) Examples of EPSCs elicited by stim-
ulating CF-mono, CF-multi-S, and CF-multi-
W in the external Ringer containing 2 mM
Ca2 (A) and 0.5 mM Ca2 (B). In each panel,
EPSCs recorded before and during bath ap-
plication of PDA (500 M) are superimposed.
Each trace is an average of ten consecutive
sweeps. Holding potential was 20 mV for
all records in (A) and CF-mono in (B) and30
mV for the rest in (B).
(C) Summary graphs showing the sensitivity
of EPSCs to different concentrations of PDA
in the external Ringer containing 0.5 mM
Ca2. Data are illustrated similarly to Figure
2B. Each data point represents the average
from 2 to 7 CF-mono, 1 to 8 CF-multi-S, and
1 to 5 CF-multi-W.
multi-W, and CF-mono (Figures 5C and 5D). As summa- of 1 mM Sr2/2 mM Mg2 was used to enhance the
frequency of quantal events. The distribution (Figure 6F)rized in Figure 5D, the I-V relations of these three types
of CF-EPSCs were linear in the voltage rage from 60 shows that the quantal CF-EPSC amplitudes were not
smaller but rather slightly larger than those for CF-monomV to50 mV. These results clearly indicate that EPSCs
by CF-multi-S and CF-multi-W as well as those by CF- and CF-multi-S (70.0  4.7 pA, n  6 CFs). We also
conducted similar experiments in the external salinemono are mediated exclusively by non-NMDA receptors
with linear I-V relations. containing 1 mM Sr2/2 mM Mg2. Although the fre-
quency of quantal events was very low, we found that
the averaged amplitude (79.1  2.1 pA, n  6 CFs) wasQuantal EPSC Amplitudes for Weak CFs Are Not
Smaller than Those for Strong CFs similar to that obtained in 5 mM Sr2.
We analyzed the rise time of quantal CF-EPSC for theWe then examined quantal CF-EPSCs recorded in the
extracellular solution whose Ca2was replaced with Sr2 three types of CFs. We found that the quantal CF-EPSCs
for CF-mono and CF-multi-S consisted of two distinctto cause asynchronous vesicle release (Figures 6A–6C)
(1 mM Sr2/2 mM Mg2 for EPSCs by CF-mono and CF- populations, one with fast rise time of 0.2–0.3 ms and
the other with slow rise time ranging from 0.3–1.0 msmulti-S, 5 mM Sr2/0 mM Mg2 for those by CF-multi-W).
In the standard saline containing 2 mM Ca2/1 mM Mg2, (Figures 6G and 6H). In contrast, quantal CF-EPSCs for
CF-multi-W consisted of single population with fast risethe EPSC amplitude for CF-multi-S (Figure 6B) were
more than 10 times larger than that for CF-multi-W re- time (Figure 6I). Percent numbers of quantal EPSCs with
rise times longer than 0.3 ms were 34.4%  2.1% forcorded in the same PC (Figure 6C). Frequency histo-
grams of quantal CF-EPSC amplitudes for CF-mono and CF-mono (n  9 CFs), 27.6%  3.1% for CF-multi-S
(n  8 CFs), and 16.2%  2.1% for CF-multi-W (n  6CF-multi-S (recorded in 1 mM Sr2/2 mM Mg2) showed
similar distributions that peaked at around 40 to 60 pA CFs). As shown previously (Hashimoto et al., 2001; Llano
et al., 1991), the EPSC rise time reflects the electrotonic(Figures 6D and 6E; 42.4  2.4 pA [n  9 CFs] for CF-
mono and 55.5  5.7 pA [n  8 CFs] for CF-multi-S) length from the soma to the site of synapse along the
dendrite. Therefore, the present results suggest that(Silver et al., 1998). In experiments for constructing the
frequency histogram for CF-multi-W (Figure 6F), the ex- quantal CF-EPSCs from CF-multi-W arise from syn-
apses located on the proximal parts of dendrites,ternal saline containing 5 mM Sr2/0 mM Mg2 instead
Figure 4. Paired-Pulse Plasticity of EPSCs
Elicited by CF-Mono, CF-Multi-S, and CF-
Multi-W in Various External Ca2 Concentra-
tions
(A and B) Examples of EPSCs elicited by stim-
ulating CF-mono, CF-multi-S, and CF-multi-
W with pairs of pulses separated by 50 ms.
Records were obtained in the external Ringer
containing 0.75 mM Ca2 (A) and 2 mM Ca2
(B). Each trace is an average of ten consecu-
tive sweeps. Holding potential was 20 mV
for all records.
(C) Summary plot of PPR as a function of the
external Ca2 concentration. Each data point
represents the average PPR from 5 to 18 CF-
mono, 6 to 12 CF-multi-S, and 5 to 15 CF-
multi-W. *p  0.05; **p  0.01.
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Figure 5. Pharmacology of Postsynaptic Receptors and Current-Voltage Relations for the Three Types of CF-EPSCs
(A) CF-EPSCs from a multiply innervated PC elicited by stimulating CF-multi-S and CF-multi-W. Records obtained without CPP and NBQX
(control), with 10 M CPP (CPP), and with 10 M NBQX (NBQX) are superimposed. The external solution was Mg2 free and contained glycine
(10 M). Each trace is the average of ten consecutive responses. Holding potential was 20 mV for all records.
(B) Summary bar graphs showing the effects of CPP and NBQX on EPSCs by CF-multi-S (n  5) and those by CF-multi-W (n  5).
(C) CF-EPSCs elicited by stimulating CF-mono, CF-multi-S, and CF-multi-W. Traces recorded at indicated holding potentials were superim-
posed. Each trace is a single sweep record.
(D) Current-voltage (I-V) relations of EPSCs by CF-mono (n  8), CF-multi-S (n  9), and CF-multi-W (n  11). EPSC amplitudes for each CF
are normalized to the amplitudes at holding potential of 50 mV.
whereas those from CF-mono and CF-multi-S arise from two spikes (Figure 7D) and a Ca2 transient that was
confined to the proximal dendritic compartments (Fig-synapses located on proximal dendritic compartments
and more distal ones. ures 7E and 7F). Stimulation of the third CF (CF3) in-
duced an even smaller EPSP with one spike (Figure 7G)Because dendritic filtering may bias quantal EPSC
amplitudes differentially for the three types of CFs, we and a smaller Ca2 transient that was also confined to
the proximal dendritic compartments (Figures 7H andthen compared quantal EPSCs that were presumed to
arise from the synapses located on the proximal parts 7I). In seven PCs that were multiply innervated by CFs
with different strengths, similar results as exemplifiedof dendrites. We analyzed quantal EPSCs with the10%–
90% rise times shorter than 0.3 ms. The amplitudes were in Figure 7 were observed. To quantify the differences
in CF innervation patterns, we measured the beeline46.8  2.5 pA for CF-mono (n  9 CFs), 59.0  5.6 pA
for CF-multi-S (n  8 CFs), and 75.2  4.8 pA for CF- distance from the soma to the most distal point of the
dendrite with detectable Ca2 signals (Figure 7J, inset).multi-W (n  6 CFs). These results clearly indicate that
the quantal CF-EPSC amplitude for CF-multi-W is not The result clearly indicates that the distance for CF-
multi-S was significantly longer than that for CF-multi-Wsmaller than that of CF-multi-S or CF-mono.
(Figure 7J). Taken together, these results strongly sug-
gest that CF-multi-W form synapses on the most proxi-
CF-Multi-W Arises from Synapses on Proximal mal compartments of PC’s dendrites, whereas CF-multi-
Region of PC Dendrites S as well as CF-mono form distributed synapses along
We measured the 10%–90% rise times of evoked CF- different compartments of PC dendrites.
EPSCs. The 10%–90% rise times for CF-mono, CF-
multi-S, and CF-multi-W were 0.4  0.1 (n  37), 0.4 
0.1 (n 36), and 0.4 0.1 (n 43), respectively, indicat- Glutamate Transients in the Synaptic Clefts
of Neonatal and Mature CFsing that synapses contributing to the rising phase of
evoked EPSC are on the proximal parts of dendrites in We then examined whether multivesicular release oc-
curs in CFs at P2 or P3 (CF-immature) before the differ-the three types of CF inputs.
To estimate the site of CF synapses on PC dendrites, ence in the strengths of CFs becomes large (Figure 1).
In this experiment, we stimulated multiple CFs simulta-we measured Ca2 transients in PCs induced by stimula-
tion of CF-multi-S or CF-multi-W in the same PCs (Hashi- neously to induce clearly discernible EPSCs. We found
that the blocking effects of PDA were not significantlymoto et al., 2001). The PC shown in Figure 7 was inner-
vated by three distinct CFs. Stimulation of one CF (CF1) different in standard (2.0 mM) and low (0.5 mM) external
Ca2 (Figures 8A and 8B). This data suggests that theelicited a complex spike (Figure 7A) and also induced
a Ca2 transient that involved both proximal and distal average glutamate transient at active synapses ap-
proached minimum and probability of multivesicular re-dendrites (Figures 7B and 7C). This Ca2 signal is analo-
gous to that induced in adult PCs by stimulating monoin- lease was very low in the standard Ca2.
The present results indicate that physiological proper-nervating CFs (Eilers et al., 1995; Hashimoto et al., 2001;
Kano et al., 1992; Konnerth et al., 1992; Miyakawa et ties of CF-mono and CF-multi-S are the same. This sug-
gests that CF-multi-S would survive the developmentalal., 1992; Ross and Werman, 1987). In contrast, stimula-
tion of another CF (CF2) induced a smaller EPSP with synapse elimination and innervate PCs thereafter. If this
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CF-multi-W of PCs with the disparity ratio smaller than
0.2, the percent amplitudes of EPSCs in 500 M PDA
were correlated with the disparity ratio (correlation coef-
ficient, 0.89). This means that the glutamate concentra-
tion transients for CF-multi-W became smaller with a
decrease in the disparity ratio toward the level for CF-
multi-S at low external Ca2 (0.5 mM) in which mono
vesicular release occurred (Figure 3). In contrast, for CF-
multi-W of PCs with a disparity ratio larger than 0.2, the
blocking effect of PDA was within the range for CF-
multi-S in the standard Ca2 (2.0 mM) in which multive-
sicular release occurs normally (Figure 9A).
The difference in the strengths of multiple CFs to the
same PC appears to be an important determinant of
synapse elimination. We evaluated whether the disparity
in CF-synaptic strengths is correlated with the transition
from multiple to monoinnervation. We adopted an analy-
sis essentially similar to that used for characterizing the
synapse elimination in the rat neuromuscular synapse
(Colman et al., 1997). This analysis is based on the as-
sumption that elimination of weaker CFs would appear
imminent once the disparity ratio becomes smaller than
a certain limit. We assumed that this limit would be 0.2,
because this value appears to be a critical point that
divides weaker CFs into two populations in terms of the
glutamate concentration transient at the cleft (Figure
9A). We first estimated the percent number of PCs that
are expected to be monoinnervated over the succeeding
2 days (PC-[latent mono]) at each second day of postna-
tal development. We then compared this value with the
Figure 6. Quantal EPSCs for CF-Mono, CF-Multi-S, and CF- incidence of PCs innervated by 2 CFs only (CF-[2]), that
Multi-W by 2 or 3 CFs (CF-[2,3]), or that by 2, 3, or 4 CFs (CF-
(A–C) Examples of EPSCs elicited by stimulating CF-mono (A), CF- [2,3,4]) that had a disparity ratio smaller than 0.2. We
multi-S (B), and CF-multi-W (C) recorded in the standard saline (top,
calculated the square of deviation between PC-[latentholding potential of 20 mV) and in that containing Sr2 (bottom,
mono] and CF-[2], CF-[2,3], or CF-[2,3,4] for each sec-holding potential of 90 mV).
ond day of postnatal development and then obtained(D–F) Summary histograms of quantal EPSC amplitudes for CF-
mono (D), CF-multi-S (E), and CF-multi-W (F). (D)–(F) are from the the total sum from P1 to P13. We found that the sum
EPSCs shown in (A)–(C), respectively. was minimal for CF-[2,3], indicating that CF-[2,3] was
(G–I) Summary histograms showing the 10%–90% rise times of closest to PC-[latent mono]. We then plotted these two
quantal EPSCs for CF-mono (G), CF-multi-S (H), and CF-multi-W (I).
parameters against postnatal day (Figure 9B) and found(G)–(I) are from the EPSCs shown in (A)–(C), respectively.
that PC-[latent mono] paralleled well with CF-[2,3]. ThisQuantal EPSCs were recorded in 1 mM Sr2/2 mM Mg2 for CF-
result supports the assumption that PCs innervated bymono and CF-multi-S and in 5 mM Sr2/0 mM Mg2 for CF-multi-W.
2 or 3 CFs would become monoinnervated within suc-
ceeding 2 days once the disparity ratio becomes smaller
than 0.2. We confirmed that CF-[2,3] deviated signifi-scenario is the case, CF-multi-S and mature CF-EPSCs
cantly from PC-[latent mono] when counting PCs withshould have similar physiological properties. We exam-
a disparity ratio smaller than 0.6 (Figure 9B). This resultined glutamate transients in synaptic clefts of monoin-
suggest that it takes more than 2 days for PCs with anervating CFs from young adult mice aged P21–P27
disparity ratio larger than 0.2 to become monoinner-(CF-mature). The blocking effects of PDA were greater
vated. As shown in Figure 9A, CF-multi-W innervatingin low (0.5 mM) than in standard (2.0 mM) external Ca2
PCs with a disparity ratio smaller than 0.2 had lower(Figures 8C and 8D), which was very similar to the behav-
glutamate concentration transient at the cleft whenior of CF-multi-S. This result is in line with the aforemen-
compared with CF-multi-W innervating PCs with the dis-tioned hypothesis that CF-multi-S becomes the monoin-
parity ratio larger than 0.2. Together, the results of thenervating CF in the mature cerebellum.
present study support the hypothesis that differentiation
into strong and weak CFs accompanying changes ofWeaker CFs with Lower Probability of
glutamate concentration transients precedes synapseMultivesicular Release Would Be Eliminated
elimination in the developing cerebellum.Finally, we investigated whether the disparity in the
strengths of multiple CFs is correlated with the gluta-
mate concentration transients at CF synaptic clefts and Discussion
with CF synapse elimination. We plotted the relationship
between the disparity ratio and the blocking effect of We investigated physiological properties of multiple CF
inputs to individual PCs during the developmental syn-500 M PDA for PCs innervated by two CFs (namely,
one CF-multi-S and one CF-multi-W) (Figure 9A). For apse elimination. At P2 or P3, each PC was innervated
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Figure 7. Ca2 Transients Induced by Stimulating CF-Multi-S and CF-Multi-W
(A, D, and G) Responses from a PC induced by stimulating three different CFs, CF1 (A), CF2 (D), and CF3 (G), under the current clamp recording
mode.
(B, E, and H) Pseudocolor images showing the relative increase in Ca2-dependent fluorescence (F/F0) evoked by stimulating CF1 (B), CF2
(E), and CF3 (H), respectively. The F/F0 value for pseudocolor images were calculated from the pre- and poststimulus fluorescent values
that were obtained by averaging five consecutive images before and after CF stimulation. Images were obtained at 30 Hz.
(C, F, and I) Time course of CF-induced Ca2 signals measured from the regions (R1 and R2) indicated in (B), (E), and (H).
(J) Summary bar graph representing the extent of CF-induced Ca2 signals for multiply innervated PCs (n  7 PCs). As exemplified in the
inset, we measured the beeline distance between the initiation point of the primary dendrite and the most distal point of the dendrite with
detectable Ca2 signals (red line). Bar graphs represent the average data from 7 CF-multi-S and 8 CF-multi-W.
by multiple CFs with similar strengths. From P3 to P7, strong CF (CF-mono). By using a low-affinity competitive
antagonist of AMPA receptors, PDA, we found that thedifference in the strengths of multiple CFs became
larger. Around P10, each PC was either multiply inner- peak glutamate concentration for CF-multi-S and that
for CF-mono were significantly higher than that for CF-vated by one strong CF (CF-multi-S) and one or a few
weaker CFs (CF-multi-W) or monoinnervated by one multi-W at a normal external Ca2 (2 mM). In contrast,
Figure 8. Effects of PDA on CF-EPSCs in Neonatal and Young Adult PCs
(A) Examples of CF-EPSCs from a neonatal mouse (CF-immature, P3) in the external Ringer containing 2 mM or 0.5 mM Ca2. In each panel,
EPSCs recorded before and during bath application of PDA (500 M) are superimposed. Each trace is an average of 15 consecutive sweeps.
Holding potential was 80 mV for 2 mM Ca2 and 70 mV for 0.5 mM Ca2.
(B) Summary graphs showing the sensitivity of CF-EPSCs from neonatal mice to different concentrations of PDA in the external Ringer
containing 2 mM Ca2 (open circles) and 0.5 mM Ca2 (filled circles). Each data point represents the average from 3 to 9 PCs for 2 mM Ca2
and 5 to 8 PCs for 0.5 mM Ca2.
(C) Examples of EPSCs by stimulating a monoinnervating CF in a young adult mouse (CF-mature, P21–P27) shown similarly to (A). Each trace
is an average of ten consecutive sweeps. Holding potential was 20 mV for all records.
(D) Summary graphs showing the sensitivity of EPSCs by CF-mature illustrated similarly to (B). Each data point represents the average from
3 to 7 PCs for 2 mM Ca2 and 4 to 6 PCs for 0.5 mM Ca2.
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that CF-multi-S innervate widely over the PC dendritic
tree, whereas CF-multi-W form synapses only on the
most proximal parts of dendrites. Finally, we show evi-
dence that weak CFs with low probability of multivesicu-
lar release would be eliminated preferentially during de-
velopment.
Differentiation of Multiple CFs Occurs
during P3 to P6
Previous studies have revealed the changes in the mor-
phology of PCs and CFs during the first 2 postnatal
weeks of rodents’ life. CFs enter the multitiered PC plate
before birth (Chedotal and Sotelo, 1993; Mason et al.,
1990; Morara et al., 2001) and make synapses on the
immature PCs (Chedotal and Sotelo, 1993; Morara et
al., 2001). From P3 through P7, mouse PCs begin to
grow their dendrites, but CFs make dense fibrous plex-
uses (nest structures) around PC somata and do not
extend axons along the growing PC dendrites (Mason
et al., 1990). From P7 through P10, CFs follow the devel-
oping PC main dendrites and form extensive synapses
on them. The delay period between PC’s dendritic out-
growth and CF elongation into dendrites corresponds
to the period in which the disparity among the strengths
of multiple CF inputs increased significantly. It is there-
fore likely that the strengthening of one CF out of multi-
ple CFs initially occurs on the PC soma, and then the
strengthened CF may extend its axons along the grow-
ing PC dendrites.
No Functional Postsynaptic Alterations
during Differentiation of Multiple CFs
Figure 9. Synaptic Weakening Precedes Elimination of Weaker CFs At neuromuscular synapses in which a similar develop-
mental shift from multiple to monoinnervation is known(A) Relationship between the blocking effect of 500 M PDA on CF-
multi-W and the disparity ratio (black filled circles). Effect of PDA to occur, Colman et al. (1997) showed that degrading
is expressed as the percent amplitude of EPSC in 500 M PDA motoneurons have smaller quantal efficacy than those
relative to the control. Red symbols on the right represent the effects of the strongest inputs. They attributed this change to
of 500 M PDA on CF-multi-S in 2.0 mM (filled circles) and 0.5 mM a decrement of the acetylcholine receptor density. In(open circles) external Ca2. For these two populations, the mean
contrast to the neuromuscular synapse, we found thatvalues and the ranges of1 SD are indicated with the red horizontal
functional alterations in the postsynaptic propertieslines and shaded areas, respectively. Plotted data are the same as
were not manifest during differentiation of multiple CFs.those for PDA 500 M illustrated in Figures 2 and 3.
(B) At every second day of postnatal development, two measures First, we found that EPSCs elicited by stimulating CF-
were compared: (1) percent number of PCs that were innervated by mono, CF-multi-S, and CF-multi-W were all mediated
2 or 3 CFs and had the disparity ratio smaller than 0.2 (red filled exclusively by non-NMDA receptors with linear I-V rela-
circles) or 0.6 (blue filled circles), and (2) percent number of PCs
tions. Second, the mean quantal EPSC amplitude forthat are expected to be monoinnervated over the succeeding 2 days
CF-multi-W recorded at the P10–P14 was comparable(black open circles). For the latter measure, we first calculated the
to or rather slightly larger than that for CF-multi-S orpercent number of monoinnervated PCs at every second day of
CF-mono. We also found that the sizes of glutamatepostnatal development. We then subtracted the value of a given
postnatal day from that of the 2 postnatal days later. This value well transient for the three types of CFs were the same in
paralleled the number of PCs that were innervated by 2 or 3 CFs low external Ca2 conditions in which a single vesicle
and had the disparity ratio smaller than 0.2. per active synapse is released (Wadiche and Jahr, 2001),
indicating that the postsynaptic receptor densities for
the three types of CFs were comparable. These results
the peak glutamate concentrations for these three types suggest that changes in the postsynaptic receptor den-
of CFs were the same at a low external Ca2 concentra- sity do not occur during differentiation into CF-multi-S
tion in which single vesicles are released from individual and CF-multi-W, although we cannot rule out other pos-
CF terminals. These results indicate that the probability sibilities that some electrophysiologically undetectable
of multivesicular release is lower in CF-multi-W than in changes may occur.
CF-mono or CF-multi-S. We found that multivesicular
release is rare in CFs of neonatal mice at P2 or P3. We Functional Release Sites per Active Synapse
also found that CF-mono and CF-multi-S at P10–P14 Are Fewer in CF-Multi-W than
are very similar to mature CFs in young adult mice in the in CF-Multi-S or CF-Mono
probability of multivesicular release. Imaging calcium We estimated release probabilities of CF-multi-S, CF-
multi-W, and CF-mono by testing paired-pulse plastic-transients during CF-induced complex spikes indicate
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ity. EPSCs elicited by the three types of CFs displayed abilities of multivesicular release. It is currently unknown
very similar paired-pulse plasticity at low extracellular how the functional differentiation of CFs occurs during
Ca2 in which CF-EPSCs were not saturated (Foster et P3 to P6. One possibility is that activity-dependent com-
al., 2002). This result indicates that there is no significant petition between multiple CFs underlies the functional
difference in release probability among the three types differentiation, as proposed in other systems (Bailey and
of CF inputs. Moreover, we found that EPSCs elicited Kandel, 1993; Katz and Shatz, 1996; Zhang and Poo,
by stimulating CF-mono, CF-multi-S, and CF-multi-W 2001). Another possibility is that the process is geneti-
had similar sensitivities to the external Ca2 concentra- cally programmed and does not require neural activity.
tion (data not shown). Because Ca2 sensitivity is an- It remains to be elucidated whether and how the process
other indicator of release probability (Brenowitz and depends on neural activity.
Trussell, 2001; Fernandez-Chacon et al., 2001; Polo- We have demonstrated that glutamate concentration
Parada et al., 2001; Vara et al., 2002), this result also transients in the synaptic clefts for CF-multi-S, CF-
indicates that the probability of glutamate release is not mono, and CF-mature were similar, suggesting that CF-
likely to be different in these three CF types. multi-S at P10–P14 has functionally mature properties.
In contrast, the size of glutamate transient in the syn- It is therefore conceivable that CF-multi-S will survive
aptic cleft of CF-multi-W is significantly smaller than to establish monoinnervation in the adult cerebellum.
that of CF-multi-S or CF-mono. One possibility for this Conversely, CF-multi-W would eventually be eliminated
difference is that the glutamate transient resulting from by the end of the third postnatal week. We showed that
a single synaptic vesicle may be smaller for CF-multi-W the glutamate concentration transients in the synaptic
than for CF-multi-S or CF-mono. If the glutamate con- clefts were correlated well with the strength of CF-
centration in each vesicle is lower, the size of evoked multi-W relative to CF-multi-S for PCs whose disparity
glutamate transient would be smaller. However, we ratios were smaller than 0.2. The glutamate concentra-
found that the glutamate concentration transients re- tion transients for CF-multi-W were lower in PCs with a
sulting from single synaptic vesicles for CF-multi-W disparity ratio smaller than 0.2 than in PCs with a dispar-
were comparable to those for CF-multi-S or CF-mono. ity ratio larger than 0.2. We have also demonstrated
The other possibility is that the number of vesicles that that the percent number of PCs that would become
are released per active synapse per stimulus may be monoinnervated over the succeeding 2 days paralleled
smaller in CF-multi-W than in CF-multi-S or CF-mono. the number of PCs innervated by 2 or 3 CFs with a
Because the release probability does not appear to be disparity ratio smaller than 0.2. These results suggest
different in the three CF types, we conclude that func- that elimination of CF-multi-W would become imminent
tional release sites per active synapse are fewer in CF- once the disparity reaches a certain limit (i.e., the dispar-
multi-W than in CF-multi-S or CF-mono. ity ratio smaller than 0.2).
We have reported previously that the later stage of
Synapses Formed by CF-Multi-W Are Confined CF synapse elimination during the third postnatal week
to PC Proximal Dendrites near the Soma requires activation of mGluR1 and its downstream sig-
Our imaging experiments demonstrate that stimulation naling cascade within PCs (Ichise et al., 2000; Kano
of CF-multi-S elicits large Ca2 transients that spread et al., 1995, 1997, 1998; Offermanns et al., 1997). This
over the entire dendritic tree, whereas stimulation of CF- process appears to be dependent on NMDA receptor-
multi-W generates Ca2 transients that are confined to mediated neural activity at mossy fiber-granule cell syn-
the most proximal parts of dendrites. CF synapses are apses (Kakizawa et al., 2000; Rabacchi et al., 1992). It
expected to exist within the range of Ca2 signals, al- is therefore presumable that, during the third postnatal
though they are clearly larger than the area of CF syn- week, the mono CF innervation is established by pruning
apses (Hashimoto et al., 2001; Kano et al., 1992; Kon- CF-multi-W, which is dependent on NMDA receptor-
nerth et al., 1992; Miyakawa et al., 1992; Ross and
mediated neural activity and involves mGluR1 and its
Werman, 1987). It can therefore be concluded that syn-
downstream signals. In contrast, the mechanisms are
apses formed by CF-multi-W are confined to PC proxi-
not well understood for the CF synapse elimination dur-mal dendrites near the soma, whereas CF-multi-S make
ing the second postnatal week. We have recently re-distributed synapses on the dendritic tree similar to
ported that insulin-like growth factor I (IGF-I) may bethose formed by mature CFs in the adult (Ito, 1984;
involved at this stage, although IGF-I has pleiotropicKreitzer et al., 2000; Palay and Chan-Palay, 1974; Strata
effects on cerebellar development (Kakizawa et al.,and Rossi, 1998; Sugihara et al., 1999). These results
2003). It is likely that other multiple cascades may alsoare supported by previous morphological data on devel-
be involved. Thus, future studies should elucidate mo-oping CFs in rodents. CFs initially form synapses with
lecular mechanisms by which CF-multi-W is pruned todense fibrous plexuses (pericellular nest) around PC
establish the mono CF innervation during the secondsomata. Later, CFs displace upward into the molecular
postnatal week.layer to form synapses along growing PC dendrites.
Among multiple CFs, the CF with extensive synapses
on PC dendrites would be CF-multi-S, whereas CFs that Experimental Procedures
innervate most proximal dendrites would correspond to
ElectrophysiologyCF-multi-W.
Parasagittal cerebellar slices (250m thickness) were prepared from
C57BL6/J mice aged 2 to 27 days postnatally as described (Aiba
Functional Differentiation and Elimination et al., 1994; Edwards et al., 1989; Kano et al., 1995, 1997). Whole-
of Redundant CF Synapses cell recordings were made from visually identified PCs using an
We found that neonatal PCs at P2–P3 were innervated upright microscope (Olympus BX50WI or Zeiss Axioskop) at 31C.
Resistances of patch pipettes were 3–6 M	 when filled with anby multiple CFs with similar strengths and very low prob-
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intracellular solution composed of (in mM): 60 CsCl, 10 Cs D-gluco- Received: November 14, 2002
Revised: March 17, 2003nate, 20 TEA-Cl, 20 BAPTA, 4 MgCl2, 4 ATP, 0.4 GTP, and 30 HEPES
(pH 7.3, adjusted with CsOH). The pipette access resistance was Accepted: May 5, 2003
Published: June 4, 2003compensated by 70%–80%. The composition of the standard bath-
ing solution was (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgSO4, 1.25
NaH2PO4, 26 NaHCO3, and 20 glucose, bubbled with 95% O2 and References
5% CO2. Bicuculline (10 M) was always added to block inhibitory
synaptic transmission. Ionic currents were recorded with an Axo- Aiba, A., Kano, M., Chen, C., Stanton, M.E., Fox, G.D., Herrup, K.,
patch 1D (Axon instruments) or an EPC-9 (HEKA) patch clamp ampli- Zwingman, T.A., and Tonegawa, S. (1994). Deficient cerebellar long-
fier. The signals were filtered at 2 kHz and digitized at 20 kHz. Online term depression and impaired motor learning in mGluR1 mutant
data acquisition and offline data analysis were performed using mice. Cell 79, 377–388.
PULSE software (HEKA). Stimulation pipettes (5–10m tip diameter)
Bailey, C.H., and Kandel, E.R. (1993). Structural changes accompa-were filled with the standard saline and used to apply square pulses
nying memory storage. Annu. Rev. Physiol. 55, 397–426.for focal stimulation (duration, 0.1 ms; amplitude, 0–90 V). CFs were
Brenowitz, S., and Trussell, L.O. (2001). Maturation of synaptic trans-stimulated in the granule cell layer 50–100m away from the Purkinje
mission at end-bulb synapses of the cochlear nucleus. J. Neurosci.cell soma. All drugs (Tocris Cookson) acting on glutamate receptors
21, 9487–9498.were applied to the bath. To record quantal CF-EPSCs, external 2
mM Ca2/1 mM Mg2 was replaced with 1 mM Sr2/2 mM Mg2 or Changeux, J.P., and Danchin, A. (1976). Selective stabilisation of
5 mM Sr2/0 mM Mg2. Quantal EPSCs were digitized at 40 kHz and developing synapses as a mechanism for the specification of neu-
analyzed by Mini analysis Program (ver. 5.1.1, Synaptosoft Inc.). ronal networks. Nature 264, 705–712.
Chedotal, A., and Sotelo, C. (1993). The ‘creeper stage’ in cerebellar
Ca2 Imaging climbing fiber synaptogenesis precedes the ‘pericellular nest’—
PCs were loaded for at least 20 min with a Ca2 indicator (Oregon ultrastructural evidence with parvalbumin immunocytochemistry.
Green 488 BAPTA-1, Molecular Probes; 100 M) through the patch Brain Res. Dev. Brain Res. 76, 207–220.
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Clements, J.D. (1996). Transmitter timecourse in the synaptic cleft:of (in mM): 130 K D-gluconate, 10 KCl, 10 NaCl, 10 HEPES, 0.5
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